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ABSTRACT

An Algorithm for the Solution
of a Traveling Salesman Problem
to Minimize the Average Time
to Demand Satisfaction. (August 1992)
James Patrick Ryan
B.S., U.S. Air Force Academy

Chair of Advisory Committee: Dr Alberto Garcia-Diaz

This paper presents a solution approach for solving a
modified traveling salesman problem. In this problem, each
city which the salesman must visit contains a quantity of
demand (in units) which the salesman must satisfy. The
objective of the salesman is to minimize the average time
until satisfaction for each unit of demand. The solution
approach presented is a branch-and-bound approach in which
the total set of feasible tours are broken down into subsets.
Lower bounds are the calculated for each subset and compared
against a known upper bound to determine if this subset can
be fathomed or if a improved upper bound has been found. The
solution approach presented ensures optimality. A computer
code was created and is presented which implements the

solution approach developed.
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CHAPTER I

INTRODUCTION

One of the most well known problems in Operations
Research is the Traveling Salesman Problem (TSP). In the
classical TSP, a ‘salesman' starting at a home city is
required to visit every city in a given group once and only
once and then return to the home city. The objective of this
problem is to find the optimal sequence of cities (usually
minimum cost, distance, or time) in which to complete the
tour. The TSP can be viewed as a graph theory problem if the
cities are identified with nodes of a graph and the ‘links'
between the cities are identified with the arcs.'

It is not known who brought the name TSP into
mathematical circles, but there is no question that Merrill
Flood is most responsible for publicizing it within that
community and the operations research fraternity as well. He
recalls being told about it by A.W. Tucker in 1937 ‘when I
was struggling with the problem in connection with a school-
bus routing study in New Jersey.' Flood writes that Tucker
remembered hearing of it from Hassler Whitney at Princeton

This thesis follows the format of the Joumal of the Operational Research
Society.




University. This would seem to make Whitney the entrepreneur
of the TSP, but Whitney remembers no ccnnection whatever
between himself and the TSP.®

Despite the confusion behind its origin, the TSP can be
said to formally have a name starting at least as early as
the late 1940's. John Williams urged Flood in 1948 to
popularize the TSP at the RAND Corporation, at least partly
motivated by the purpose of creating intellectual challenges
for models outside the theory of games.® In 1954, Dantzig,
Fulkerson and Johnson published a landmark paper entitled
‘Solution of a large scale traveling-salesman problem' in the
Journal of the Operations Research Society of America. 1In
this paper, the authors not only solved a large TSP, but
introduced the concept of cutting planes for use in integer
linear programs and may have been the first to introduce the
technique of branch and bounding as a tool for solving
combinatorial optimization problems.

In 1963, Little et al.l published a paper detailing a
branch-and-bound algorithm which could solve a 13 city
problem by hand in under 4 hours. This algorithm could also
easily be written in computer code. Using an IBM 7090
computer, problems up to 20 cities could be solved in
seconds, however the solution time grew exponentially and by

40 cities the computation time exceeded 8 minutes. 1In the




early 1960's, the TSP achieved national prominence when a
soap company used it as the basis of a promotional contest.
Prizes up to $10,000 were offered for identifying the most
correct links in a particular 33-city problem. Quite a few
people found the best tour. A number of people, perhaps a
little over-educated, wrote the company that the problem was
impossible - an interesting misinterpretation of the state of
the art.®

Since the 1960's, much of the research on the TSP has
dealt with finding algorithms and heuristic with solve
increasingly larger problems. Today, it is generally
accepted that Little's algorithm works well for problems with
less than 50 cities. In 1980, Crowder and Padberg’ presented
a solution to a 318 city symmetric TSP. The solution used 0-
1 integer programming, and was solved in under 6 minutes of
CPU time on an IBM 376/168 computer. In 1984, Kirkpatrick
reported on a problem containing 6,406 cities, however
whether or not the problem was solved was unknown®. As of
1985, the 318 city problem was the largest problem known to
have been solved. Since then heuristic approaches such as
the Out of Kilter Algorithm have been applied to many larger
problems as a way of determining optimal or near optimal
solutions in a reasonable amount of computing time. Finding

heuristic and optimal solutions to problems larger than 1000




cities is still the focus of much of the current research on

this problemn.

Problem Introduction

The classical TSP has been used in a wide range of
applications. In addition, there have been numerous
modifications made to the classical TSP which broaden its
applications. Some examples of modifications to the TSP
include multi-salesman TSP, the time sensitive vehicle
routing problem’, and the vehicle routing problem with
distance and capacity constraints.’

In an interesting modification to the TSP, the salesman
begins at a home city and visits a set of cities with
specified quantities of demand that need to satisfied. When
the salesman arrives at city j, he services the demand d; at
a given service rate r; of units per time unit. Upon
satisfying every unit of demand at that city, the salesman
proceeds on to the next city and continues in this manner
until all cities are visited and the corresponding demands
are satisfied.

The salesman in this problem could have one of several
different objectives. One objective for this problem could

be to satisfy the entire demand in the shortest possible




time. In this situation, the length of the return trip from
the last city is unimportant since all of the demand has
already been satisfied. This problem can be easily solved as
a classical TSP by setting the lengths of the arcs going from
each city to the home city to zero. The solution to this
problem provides the shortest path to the last cit, while
ignoring the demand altogether and the return trip from the
last city.

A more complex problem arises when the objective is to
minimize the average time required to satisfy each unit of
demand. This problem is complicated because the time to
satisfaction for any unit of demand is dependent upon the
times to satisfaction for all previous satisfied units. This
problem can be viewed graphically by plotting the demand
satisfied versus time as shown in Figure 1. Any feasible
tour can be plotted in this manner, with each tour having a
unique demand satisfaction function. The times required to
satisfy each unit of demand make up the area to the left of
the demand satisfaction function and below the total demand
line.

In this figure, the horizontal lines of the function
represent the time required to travel between cities t”, and
the diagonal lines represent the service times while demand

is being satisfied within a city. The service time at each
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city v; can be calculated as follows:

Vj = _?1 (1)
b

If t;; is the time until the j™ unit of demand is
satisfied and D is the total number of units being demanded,
then the average time to demand satisfaction can be

represented by the following relationship:

D
t

Avg. Dem. Sat. Time =y, -2 (2)
J=1 D

From Equation (2), it should be clear that the average
time to demand satisfaction is a function of the area to the
left of the satisfaction curve and below the total demand
line as seen in Figure 1. Therefore the tour which minimizes
this area will also minimize the average time to
satisfaction. In addition, a comparison of Tours 1 and 2 in
Figure 1 illustrates that the shortest path does not always
represent the lowest average time to satisfaction. While
Tour 2 is completed prior to Tour 1, Tour 1 clearly has a
lower average time to demand satisfaction (smaller area above
the satisfaction curve).

This type of problem can be applied to many service

related activities, where customers are serviced from a depot




location. As an illustration of this type of problem,
consider an aircraft maintenance depot. Assume there is a
type of aircraft with a faulty component which can cause a
safety problem. Further assume that only a single team of
experts are qualified to make the modifications that
alleviate the problem. These aircraft are assigned to
various locations and in varying quantities. Because it is
important to maintain this fleet of aircraft in an
operational capacity, a route must be chosen for the depot
modification team which will modify the aircraft to achieve
the highest operational capacity.? This can only be done by
minimizing the average ¢time to aircraft modification
completion over the entire fleet.

Another real world example can be illustrated in the
manufacturing environment. Assume that a team of technicians
are required to modify the tooling on machines and train
machine operators for the production of a new product which
the company has just entered into contract. The company has
the machines required for this product located in different
plant facilities and in various quantities. After each
machine is modified, and its operator trained, it can begin
producing the new product and thereby generate revenue for
the company. Therefore, in order to maximize the revenue

generated, a tour must be found through the facilities which




minimizes the average time to modification completion over

all the machines in the company.

Research Objectives

The objective of this research is to develop an
algorithm which finds the optimal solution to the problem
described above. The proposed solution approach uses a
branch-and-bound procedure and does not require the complete
enumeration of all feasible solutions. A computer code will
be developed to implement the proposed solution procedure.
The final product of this research will be a decision-support
methodology that can be used to determine the most attractive
sequence of cities given the travel times between cities and

the demand and service rate at each city.

Literature Review

During this research effort, the following literature
was reviewed in order to determine if any previous work had
been accomplished on this problem and for assistance in the
development of the solution procedure presented in this
paper.

Arthur and Frendewey' presented an algorithm for the
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generation of TSPs with known optimal tours. This algorithm
has no limitation on the number of nodes which can be input
into the problem. This algorithm is useful for the creation
of large TSPs for the design and testing of alternative TSP
solution approaches.

Coutois, Grant, and Kane?

prepared a project report at
Texas A&M which evaluated different approaches for solving a
problem nearly identical to the problem in this research
effort. Major differences in their problem were the
instantaneous satisfaction of demand upon arrival at a city
(as opposed to satisfying demand at a given service rate) and
allowing more than one station (demand source) at each city.
Of the five solution approaches reviewed in this report, the
only approach which could guarantee optimality was complete
enumeration. Due to the combinatorial nature of this
approach, the computer code generated to implement this
approach was limited to small problems (6 or less nodes).

3 presented an in-depth

Phillips and Garcia-Diaz
description of Little's branch-and-bound algorithm. This
algorithm is used to solve the classical TSP for shortest
tour through a set of nodes. Along with this description was
an explanation of the computational procedures required to

implement this algorithm. This algorithm was evaluated in

this research as a tool in identifying an initial upper




11

bound.

Evans and Norback® developed a heuristic for solving time
sensitive routing problems, using a time series density
function which identifies clusters of stops to form a route.
This problem encompassed the idea of demand at different
locations. However, this routing problem differs from the TSP
in that more than one sub-tour may be generated to complete
the tour of nodes. These sub-tours can then be assigned to
any number of vehicles. Also the time constraint in this
problem was a window of time in which demand needed to be
satisfied.

Padberg and Rinaldi® describe a branch-and-cut algorithm
for solving large symmetric TSPs. This algorithm differs
from the branch-and-bound in that whenever the cutting plane
procedure does not terminate with an optimal solution, the
algorithm uses a tree search strategy that, as opposed to
branch-and-bound, keeps on producing cuts after branching.
Since this algorithm works only for symmetric TSPs, it was
not able to handle the problem at hand.

Lawler et al.® edit a book which looks in detail at the
origin, history, applications, and solution approaches to
many forms of the TSP. While this book does describe many
variations to the classical TSP, no discussion was found of

a problem similar to the problem in this research effort.




Laporte, Nobert, and Desrochers’ present a branch-and-
bound algorithm for vehicle routing involving capacity and
distance constraints. This algorithm can be used to solve
for symmetrical routing problems only and also allows for the
generation of sub-tours.

Little et al.® describe a branch-and-bound algorithm for
solving asymmetric TSPs with sizes between 8 and 50 cities.
This algorithm is well known for its computational ease and
its ability to be easily implemented with computer code.

crowder and Padberg’ presented an algorithm for the
solution of large symmetric TSPs. This algorithm used 0-1
integer programming to solve problems of up to 318 cities.

This review of literature did not find any solution to
the form of TSP presented in this research (with the
exception of complete enumeration, Courtois et al.?). Since
this solution approach is impractical for large problems, a
solution approach developed not requiring complete
enumeration would significantly reduce the time required to

solve many medium to large size problems.

Thesis Organization

This thesis is organized into five chapters which

present the results of the research in the following manner:

12




Chapter 1I: Introduction - This chapter provides an
introduction to the Travelling Salesman Problem (TSP) and the
particular application of the TSP to be discussed in this
paper. This chapter also describes the goals of this
research, the literature review conducted, and the
organization of this thesis.

Chapter II: Problem Development - This chapter provides
an in-depth description of the problem and shows the
graphical representation of the problem. It also provides a
problem definition and the operations needed to initialize
the input data in a form for use by the solution approach.

Chapter III: Solution Approach - This chapter provides
development of the solution approach using a branch-and-bound
algorithm. The procedures necessary for initial upper bound
generation, the decision methodology for choosing the
subsequent branch to search, and lower bound generation at
any branch are presented in detail.

Chapter IV: Application of Solution Procedure - This
chapter demonstrates the implementation of the solution
procedure developed in Chapter III using two examples of
different size.

Chapter V: Results, Conclusions, and Recomendations -
This chapter describes the results of this research and the

conclusions drawn from this effort. It also describes the

13




lessons learned and makes recommendations for future work

which can be conducted in this area.

14
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CHAPTER II

PROBLEM FORMULATION

This problem is probably best described in a graphical
context. As shown in Figure 1, the tour which produces the
smallest area above the demand satisfaction curve and below
the total demand line also produces the minimal average time
to demand satisfaction. Therefore this problem can be viewed
as to finding the tour which minimizes this area.

As seen in Figure 2, the shaded area represents those
times when demand is being satisfied at each node. Since any
feasible tour must satisfy demand at all nodes, these shaded
areas will be included in all feasible tours and thus can be
removed from consideration in the optimization problem. This
reduces the demand satisfaction function to a step function
in which each rectangle (i.e. A,B and C) represents the
decision to include a particular arc (i,j) in a specific
sequence position in the tour. It should also be clear that
if a decision is made to include arc (i,j) in a tour, while
the width (horizontal) of the rectangular area for this arc
will be a constant determined by the distance matrix T = (t;;]
and the service time v,, the length (vertical) of the

rectangle will depend upon the sequence position of the arc




(i,j) and which arcs have preceded it.

E
M D
A
N
D
S
A
T
|
S
F
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E 0
D
TIME
----- = Total Demand = Tour

Figure 2 Demand Satisfaction S8tep Function

The fact that each rectangular area depends upon the set
of arcs previously visited makes this problem dynamic in
nature. Understanding this dynamic property of the problem
is fundamental to the development of a solution approach.
There currently exist algorithms which can minimize the
length of the tour (the horizontal component of the
rectangular areas), however as the length of the tour is
reduced the total areas may either decrease or increase
depending on the sequencing of the nodes in the subsequent
tour. It is for this reason that classical traveling

salesman algorithms will not optimize this problem for

16




minimum average time to satisfaction. This dynamic property
also prevents the use of penalty assessment for not using a
certain arc (as in Little's Algorithm) and forces any
solution procedure to check as a minimum each subset of tours
defined by every arc (n-1 subsets) which originates at the

source (first) node.
Problem Definition

The problem can now be defined as follows: Given a
network G = (N,A), where N is a set of nodes representing
cities and A is the set of arcs (i,j) representing the travel
time between cities i and j. Also given D = (d;), where d;
represents the unsatisfied demand at city j and R = (r;),
where r; is the rate at which demand is serviced at any city.
Find the tour through N which minimizes the average time to
satisfaction for D. If the set of all previously visited
nodes at any point in the tour is defined as B, the problem

can then be described as follows:

n n

Min: 3% A8, + U, 3)

i=1 j=1

st. Y A; =1 Vi (3-a)

J=1

17
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U =D-Y d (3-b)

A, =@ Vi (3-¢)

In these equations, A” represents an integer, 1 if arc
(i,J) is included in the tour, and 0 if arc (i,j) is not
included in the tour. The objective function for the total
area is Equation 3. Equation 3-a is the constraint which
guarantees a tour through N without subtours, Equation 3-b is

the definition of U;,, and Equation 3-c defines AU as a (0,1)

integer variable.
Input Data Requirements

In order to use the solution procedure presented in the
next chapter, the following data are required: 1) a distance
matrix T = ([t;;] which provides defines the travel time
between each city in N, 2)the set of demands D = (d;) which
defines the demand in units at each city in N, and 3) the set
of service rates R = (r;) which defines the rate of
satisfaction demand satisfaction in units per time unit for
each city in N. This input data can now be initialized into
a form to be used in the solution procedure that follows.

The distance matrix T is shown below as it would be input



into the solution procedure.
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The first step is to set all arcs (i,1) = 0 in the time

matrix. This is done because the length of the return trip
from the last city visited is unimportant since all demand is
already satisfied. The next step is to add v; to all arcs
(1,3). This is done because, as shown in Figure 2, the
service time v; added to the arc (i,j) provides the width of
the rectangle associated with including arc (i,j) in the
tour. It should noted that for the solution procedure
presented in this thesis, it is assumed that node 1 is the
node of origin at that it has a demand of 0 units. Therefore
when using the solution procedure v, = 0. The resulting
matrix is shown below.

The third step in the initialization of the input data
is to create a slope matrix 8 = (si;] by dividing each element

by the demand at node j, d., as

in the new time matrix t';; j

J

shown below.

19
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The values or slopes in this matrix represent the demand
satisfaction rate associated with any arc (i,]). The
graphical representation of the slopes is shown in Figure 3.
This matrix will become useful in the development of the
solution procedure. It should be clear that a large slope
appears to play a role in achieving a low average time to
satisfaction. An arc with a larger slope can reduce area of
the associated rectangle by satisfying the same amount of

demand at a greater rate (reducing the width of rectangle A),
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or reduce the area of the subsequent rectangle by satisfying

a Jgreater demand

decreasing U; (reducing the length of B).

O2Z>» X mo

oOm-"o0 - =>0

in the same amount of time and thus

t{ij) vu)| t{ik) I v(K) |twn

TIME

....... = Total Demand

procedure discussed in Chapter III.

v(l) I

t{l)

Figure 3 Graphical Representation of S8lopes

The input data are now in a usable form for the solution




CHAPTER III

S8OLUTION APPROACH

The algorithm developed in this thesis uses a branch-
and-bound approach find the optimal tour. Any branch-and-

bound approach contains the three following elements:

1) a procedure for the generation of an initial upper
bound,

2) selection criteria for selecting the next
node to search, and

3) a procedure for the generation of a lower bound for
any selected node (or subset of tours from the set

of all feasible tours).

Upper Bound Generation

It is important to find a technique which identifies a
good initial upper bound for the solution space. The
effectiveness of fathoming strongly depends on the goodness
of the starting solution. In fact, the lower the value of
the upper bound, the smaller the number of nodes in the

search tree.’
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The slope matrix becomes a valuable tool in the
development of a procedure for determining an upper bound.
This matrix provides the rate of demand satisfaction for each
arc in the time matrix. Any good initial upper bound should
have high rates of satisfaction and should place greater
emphasis on arcs traversed earlier in the tour because these
arcs have a greater impact on the total area than those
towards the end of the tour.

Three approaches to finding an upper bound were
evaluated during this research. The first approach was to
find the tour which contained slopes that summed to the
greatest value. This could be accomplished relatively easily
by multiplying the slope matrix by -1 and solving for the
shortest tour using Little's Algorithm. The advantage of
this approach is that it uses a well known algorithm and it
views the whole tour in terms of maximizing the rate of
demand satisfaction, thus taking a "global view" of the
problem. The disadvantage to this approach is that it does
not consider the order in which the slopes are sequenced into
the tour. In other words, this approach weights the value of
a high slope at the end of the tour equally with a high slope
in the first arc traversed.

The second approach evaluated was a type of greedy

algorithm. In this approach, the largest slope leaving the




first node (row 1) is chosen as the first arc (i,j) in the
tour. Row i and column j are then deleted from the matrix
and the highest slope in row j is chosen as the next arc
(3J,k) in the tour. This procedure continues until the tour
is completed. The advantage to this algorithm is that it is
easy to implement and it considers the order in which the
arcs are entered into the tour. The primary disadvantage of
this approach is that while it maximizes the rate for any one
leg of the tour, it does not consider the impact of that
choice on any future legs. Therefore this approach can
easily be "turned away" from a good initial upper bound by
one high slope early in the tour.

The third approach evaluated is a two-step greedy
algorithm. This approach tries to incorporate some of the
"global view" of the first approach with the "importance in
order" of the second approach. In this approach, the slope
for each arc (1,j) is added to the maximum slope for arc
(J,k) where k is not equal to 1 or j. Whichever two arcs
yield the highest sum of slopes are the arcs chosen for the
first two arcs in the tour. This procedure is then repeated
starting in row k, and continues until the tour is completed.
The advantage of this approach is that it places importance
on the order in which the arcs are entered into the tour, and

by selecting two arcs at one time, provides a more global
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view of the problem than the greedy algorithm. The flow
diagram for the two-step greedy algorithm is shown in Figure

4.

Selection Criteria for S8earch

All branch-and-bound algorithms are based upon on the
idea of a search tree made up of nodes and branches. Search
trees for traveling salesman problems can be viewed as shown
in Figure 5. These search trees for begin at a source node
which represents the set of all feasible tours. Each node in
level 1 represents a subset of the source node.
Subsequently, each node in level 2 represents a subset of a
node in level 1 with the branches identifying the subset
relationship. In TSPs, each level represents the decision to
include an arc in the tour. Hence a feasible tour can be
uniquely defined in (n-1) levels. Therefore the maximum of

nodes will be:

n-1

(n-1)! 4)
,-z.l: (n0)! (

As previously stated, the dynamic nature of this problem
will ensure that, as a minimum, all nodes in level 1 of the

search tree must be searched to ensure optimality. Thus the
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objective of the search criteria should be to minimize the
number of nodes searched in the tree. This can be
accomplished through fathoming. When a node (subset of
tours) has a lower bound greater than the existing upper
bound, that entire subset of tours need no longer be searched
and the node is said to be fathomed. Therefore the selection

criteria for the next node to search should identify a node




which will be 1likely to lead to a tour with a lower bound
less than the value of the existing upper bound. If such a
tour is found, the upper bound will then take on the value of
that tours lower bound. By reducing the upper bound, the
process of fathoming is facilitated for all subsequent nodes
searched.

The criteria and procedure for selecting the next node

to search in the tree can be described as follows:

8tep 1. Optimality Check.

If the largest slope equals 0 and the level is 1, then
the current upper bound is the optimal solution. Stop.

S8tep 2. Node Selection.

Choose to search the node associated with the largest
slope in the current level which does not create a subtour.
If largest slope equals 0, then back up one level and go to
Step 1, otherwise go to Step 3.

Step 3. Lower Bound Calculation.

Calculate the lower bound for the node chosen using the
procedure described in the following section.

8tep 4. Check for Fathoming.

If the lower bound calculated is greater than the
existing upper bound, the node is fathomed, the slope of the

arc associated with it is set to zero, back up one level, and




go to step 1.

Step S. Continue Search.

If the lower bound is less than the existing upper bound
and the level is (n-1), then the upper bound is set equal to
the lower bound, the slope of the arc associated with that
node is set to 0, back up one level and go to step 2.
Otherwise, if the lower bound is less than the upper bound
and the level is not (n-1), then go forward one level and go

to step 2.

Lower Bound Generation

This task is probably the most important and most
difficult step in developing a branch-and-bound algorithm.
The primary purpose of generating a lower bound is to group
the solution space into subsets of possible solutions and
bound each subset by a minimum value for which any solution
in the subset must exceed. A good lower bound generator has
three basic properties:

1) a mathematical basis for bounding the subset
(the generator will bound any subset in all
situations).

2) relative ease of calculation (the generator

should not require any form of enumeration of the




subset solutions).

3) the estimate of the lower bound should not be
too conservative (too conservative estimates hinder the

process of fathoming).

Based upon the previous three stated properties, the
following procedure was developed to generate a lower bound
for any node (subset of tours, H, defined by arcs) in the
search tree:

8tep 1: For all arcs (i,j) in the subset H,

LB, = ¥ i, (5)
(tj)eH
where:
LB, = the total area of all arcs in the current subset
t'ij = the initialized matrix distance for arc (i,j)
U. = the unsatisfied demand upon departing node i

The graphical representation of LB, can be seen in Figure 6.
LB, can be seen as the sum of the areas of rectangles A and
B.

Step 2: As can also be seen in Figqure 6, the
unsatisfied demand U,, for any subsequent arc, has already
been defined by the arcs currently in the tour. Therefore
the minimum area the subsequent rectangle, LB,, can be defined

as:




LB, = U[min; (i;)] (6)

where 1 is the terminal node of the last arc in the current
tour, and j is any node (city) which will not complete a
subtour. LB, can be seen graphically in Figure 6 as the area
of rectangle C. To avoid completing subtours, as an arc
(i,J) enters the tour row i and column j are set to infinity
(lined out) in the T' matrix.

S8tep 3: 1In order to ensure that the remaining area is
bounded, it shall be assumed that the largest remaining
demand d; is satisfied at the largest remaining rate s;; in 8
as shown in Figure 6. The next largest demand would then be
satisfied by the next largest rate and so on until there is
no unsatisfied demand. As shown graphically in Figure 7, the
max slope and max demand define the width of the subsequent
rectangle by:

width = max demand (7
max slope

The area of the rectangle is calculated by multiplying
the width by the present unsatisfied demand U;. The areas for
subsequent rectangles can be calculated by updating U; (by
subtracting max demand), max demand (by removing max demand
and finding next largest), and max slope (same as max

demand). The sum of the areas calculated in this manner LB;,
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Figure 7 Use of Slopes for Lower Bound Calculation

demand). The sum of the areas calculated in this manner LB;,

can be calculated as:

E (max_demand max demand

WU
max slope

i

And the lower bound for the present search

defined as:

(8)

node can now be

Once the lower bound is calculated for any node, it can




LB = LB, + LB, + LB, 9)

Once the lower bound is calculated for any node, it can
be compared to the existing upper bound as described in the
previous section to determine if the node can be fathomed,

the search continue, or if a better solution has been found.
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CHAPTER IV
APPLICATIONS OF SOLUTION PROCEDURE

The solution approach presented in Chapter III was coded

in GW-Basic, as shown in Appendix A, so that its performance
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Figure 8 Program Flow Chart




could be evaluated. The flow chart describing the basic
logic behind the program can be seen in Figure 8. The User
Instructions for this code are presented in Appendix B. It
should be noted that the program presented was designed for
an asymmetrical TSP with the number of nodes being between 3
and 20. The program always assumes that node 1 is the source
(home) and has a demand of 0. The program begins after the
user enters the data as described in the User Instructions.
The program initializes the time matrix and creates the slope
matrix. Next, the two-step greedy algorithm is performed and
the initial upper bound and its path are found. The tree
search is then carried out in accordance to the decision
rules described in Chapter III. If a tour is completely
defined in the search tree, and it has a lower bound less
than the existing upper bound, the existing upper bound is
replaced by this lower bound. At the conclusion of the tree
search, the existing upper bound will be the optimal solution
and the tour which defines that upper bound will be the
optimal tour.

Two examples of different size were chosen to validate
the solution approach with the computer program. The first
example contains six cities and assumes that the service rate
is the same for each city in N. The second example shows the

ability of the solution procedure to handle a larger problem
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(11 cities) and a varying service rate between cities. The

first example problem used for validation is described below.

Example 1

Given the matrix T of travel times between the set of 6
cities N, the set of corresponding demands D, and a of
service rates 0.5 units/hr; find the tour through N which

minimizes the average time to demand satisfaction.

—- 25 50 20 35 29 5 4
23 — 20 36 25 54 I8 e
_ 48 18 —— 33 41 44 23 : L3
= D — = = .
18 24 37 —— 22 22 25 L os
37 43 51 26 -—— 54 29 BRURES
2333 48 40 £0 — 32 -
L ] L o

Figures 9-11 show examples of the search path used by
the solution approach and the lower bound values calculated
at each node. Figure 9 shows the minimum number of nodes
which must be searched in a 6 node problem. Since none of

the nodes searched can be fathomed, the next level in the




tree must be searched with each of these nodes as the source

of the branches.
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For Figures 9-11, the solution procedure starts at the

top node and always proceeds down and from right to left.

For example, as seen in Figure 9, the first subset of tours
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Figure 11 Tree Search - Source = (1,2)
to be searched were those containing arc (1,4). Since the
lower bound for this subset was less than the existing upper
bound (from two-step greedy algorithm), the search continued
downward until all nodes below (1,4) were fathomed. The
search then proceeded on to the subset of tours containing
arc (1,6) as shown in Figure 10. Of the 40 possible nodes
which define this subset of tours, only 10 were required to
be searched before the entire subset could be fathomed.
Since there are 24 possible tours which include arc (1,6)
solving this problem by enumeration would require the
calculation of all 24 total areas before it could be

determined that this subset does not contain an optimal
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solution. Using the solution procedure presented in Chapter
III, the calculation of only 10 areas was required. This
clearly shows the value of the branch-and-bound procedure
developed in this thesis.

Figure 11 shows the search conducted of the subset of
tours containing arc (1,2). In this figure, it can be seen
that the solution procedure finds a lower bound (21,670)
which defines a complete tour and is lower than the existing
upper bound (21,741). In this case, the upper bound is now
set to 21670 and the search continues in this manner until
all nodes in the search tree are fathomed or found to have
lower bounds greater than the existing upper bound. At this
point the upper bound is the optimal solution.

The optimal solution was found to be the tour 1-2-5-4-6-
3-1, with an area of 21,670 unit-hours. The computer program
required 1.6 seconds of running time on a ADOSEA 486-33C
computer to obtain this solution. This solution was found by
searching 67 of the 206 possible nodes in the tree. This
solution was confirmed by the complete enumeration computer
code developed by Coutois et al.?. which checked all 120

possible tours.
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Example 2

Given a set of 11 cities N, a matrix cf times between
these cities T, shown on the next page, a set of
corresponding demands D and service rates R; find the tour
through N which minimizes the average time for a unit of

demand to be satisfied.

T
— -—
— 25 50 54 35 29 19 298 303 12307
18 —_ 20 36 15 54 124 132 148 137 156
25 18 —_ 33 187 44 25 12 20 35 29
26 24 37 — 22 22 112 107 9 125 115
27 38 47 121 - 50 118 t4 105 135 126
33 33 48 40 50 — 126 18 113 109 116
54 150 23 132 165 145 — 74 90 69 108
65 116 122 207 127 13% 46 —_ 69 77 84
97 14 123 115 99 108 36 43 — 48 36
38 201 195 116 21 115 3 33 30 — 54
47 119 14 56 131 116 24 28 6 42 -

D) R

o} Q

18 5

23 6

156 -8

29 5

29 5

19 76

23 .5

54 .95

45 75

123 67

- —— — —

The optimal solution to this problem was found to be the

tour 1-2-5-4-6-3-11-9-10-8-1 with a total area of 115,938




unit-hours. This solution was found on the ADOSEA 486-33C in
6 minutes and 13 seconds of computer. Because the program
developed by Coutois et al.? can only handle problems of this

size, no comparison could be made.




CHAPTER V

RESULTS, RECOMMENDATIONS, AND CONCLUSIONS

Results

once the computer code validated the solution procedure,
sample problems of different sizes were run to determine the
computation time required as a function of problem size. The
results shown in Figure 12 clearly show the an exponential
relationship exists between problem size and computation
time. This result was expected because almost all branch-and
bound algorithms encounter this same result. However solving
a problem by complete enumeration also exhibits an
exponential relationship between problem size and computation
time.

One interesting aspect of the results is that while the
average computation time showed an exponential relationship,
the variation between individual problems of the same size
was very large. For example, one 10 node problem required
just over 4 minutes while another problem of the same size
required almost 8.5 minutes. Also one 20 node problem was
solved in 1.5 minutes, however this problem was designed to

achieve maximum fathoming. Therefore, the conclusion is the

43



44

Time (sec)
1000 3
3
- 47/4
— /
100 - /|
h /
R /
N /
] /
10 o
] ////
1 € i J J 1 J
6 7 8 °] 10 11
# of Nodes

—— Avg. Solution Time

Figure 12 cComputation Time vs. Problem 8ize
algorithm developed can be more efficient than complete
enumeration. In general, the branch-and-bound search tree
will contain approximately 71.8% more nodes than the number
of feasible tours. However, the experience of this research
found the branch-and-bound algorithm would generally reach

optimality in less than the (n=-1)! number of nodes searched.
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The advantages of this solution approach are that less
calculation is required in determining the lower bounds of
subsets versus determining the total areas for all feasible
tours. The primary disadvantage is that the computer code to
implement the algorithm contains many loops and matrix re-
initializations which take up substantial of computer time.
These are a result of the algorithm searching for the maximum
slope and demands remaining in the corresponding matrix and
set. While this is a task that a human can perform quite
easily, this researcher was unable to find a more efficient

way for the computer to conduct these searches.

Recommendations

The branch-and-bound algorithm developed in this thesis
has proven its ability to provide optimal solutions to
problems of up to 20 cities. This algorithm should also
provide solutions to very large problems, but the difficulty
with exponentially increasing computation times may make this
solution procedure impractical with problems of larger size.
One consideration in accounting for the computation times
shown in Figure 11 is the limited programming experience of
the programmer. The first revision of the program which

successfully implemented the solution procedure required an
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average of 1.5 minutes of computation time for problems with
6 cities. Additional effort in making the program more
efficient reduced the average time for a 6 city problem to
1.5 seconds. The experience of the researcher also limited
the program code to be written in GW-Basic which at this time
is far from a state-of-the-art language. Future research
might be directed towards coding the algorithm in a more
efficient manner or with a program language better suited for
this type of problem.

Another area for future research would be to develop a
better procedure for determining the initial upper bound.
The importance of finding a solution close to the optimal
solution cannot be emphasized enough. Future research may be
directed to finding a heuristic approach for larger problems.
The results of a good heuristic could be incorporated as the
procedure for determining the initial upper bound in the
solution procedure developed in this thesis and thereby
enhance the fathoming process and reduce computation time.

One further area of research which could be continued on
this problem is to find a method which establishes a less
conservative lower bound at any node. The results of this
effort would also reduce the number of nodes required to be

searched and would speed up the required computational time.
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APPENDIX A

LISTING OF SOLUTION PROGRAM

10 REM
20 REM THIS PROGRAM SOLVES THE TRAVELING SALESMAN PROBLEM
TO

30 REM OPTIMIZE THE AVERAGE TIME TO CUSTOMER
SATISFACTION.

40 REM

50 REM

60 REM

70 REM  *** SETS THE DIMENSIONS OF MATRICES AND VECTORS
* k%

80 REM

90 DIM DIJ(20,20):DIM PATH(21) :DIM INIT(20,20):DIM

SLOPE (20,20) : DIM DISP(20%20,3) :DIM SLOPE1(20,20) : DIM
DEM(20) : DIM TEMPDEM(20) :DIM SLTEMP(20,20) :DIM
PATHOPT (21) : DIM PATH1 (21) :DIM TIME(20,20) :DIM

SLTEMP2 (20,20) : NODES=0: HOLDER=0 : HOLD2=0 : HOLD3=0 : HOLD4=0
100 KEY OFF:COLOR 7:NLINE=22:GOSUB 270

110 PGMNS$="TSP FOR CUSTOMER DEMAND SATISFACTION"

120 LOCATE 1,INT(39-LEN(PGMN$)/2) : PRINT

CHRS (181) +PGMN$+CHR$ (198)

130 LOCATE 3,20:PRINT "MAKE A SELECTION"

140 LOCATE 5,20:PRINT "1) CREATE A NEW DATA SET"

150 LOCATE 6,20:PRINT "2) USE AN EXISTING DATA SET (FROM A
FILE)"

160 LOCATE 7,20:PRINT "3) GET A LISTING OF AVAILABLE FILES"
170 LOCATE 9,20:PRINT "4) RETURN TO GWBASIC"

180 LOCATE 10,20:PRINT "5) RETURN TO DOS"

190 LOCATE 12,20:INPUT "CHOOSE SELECTION:

" ANSS:ANS=VAL(ANSS)

200 IF ANS=1 THEN GOSUB 360:GOSUB 1020:GOSUB 1980:GOSUB
2830:GOSUB 3010:GOSUB 3650:GOSUB 4500:GOTO 100

210 IF ANS=2 THEN GOSUB 2430:GOSUB 1020:GOSUB 1980:GOSUB
2830:GOSUB 3010:GOSUB 3650:GOSUB 4500:GOTO 100

220 IF ANS=3 THEN GOSUB 1840:GOTO 100

230 IF ANS=4 THEN CLS:CLOSE:END

240 IF ANS=5 THEN CLS:SYSTEM

250 SOUND 500,1:SOUND 100,2:LOCATE 13,20:PRINT "INVALID
RESPONSE - PLEASE REENTER":GOTO 190

260 REM

270 REM khkkkkkkkkkk MAKES SCREEN FRAME 222222322222 22 2 X
280 REM
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290 CLS:LOCATE 1,1:PRINT
CHR$ (201) +STRINGS (78,205) +CHRS (187)

300 FOR KLINE=1 TO NLINE

310 LOCATE KLINE+1:PRINT CHR$ (186) : LOCATE KLINE+1,80:PRINT
CHRS$ (186)

320 NEXT KLINE:LOCATE NLINE+1

330 PRINT CHR$(200)+STRINGS (78,205)+CHRS (188)

340 RETURN

350 REM

360 REM ***%*kk*kk*%**k%%* CREATE NEW DATA SET
ddhkhkhkhkhkkhkhkkdkikdkiik

370 REM

380 CLS:NLINE=22:GOSUB 270

390 LOCATE 10,20:INPUT "HOW MANY NODES TO YOU HAVE? ", NODES
400 IF (NODES>20 OR NODES<3) THEN LOCATE 12,11:PRINT "“MUST
BE AT LEAST 3 AND NO MORE THAN 20 NODES - PLEASE
REENTER" : GOTO 390

410 FOR I=1 TO NODES

420 FOR J=1 TO NODES

430 DIJ(I,J)=999

440 NEXT J:NEXT I

450 CLS:NLINE=22:GOSUB 270

460 LOCATE 3,11:PRINT "TO ENTER DATA"

470 LOCATE 4,11:PRINT "TYPE THE NUMBER OF THE START NODE
AND HIT RETURN"

480 LOCATE 5,11:PRINT "TYPE THE NUMBER OF THE END NODE AND
HIT RETURN"

490 LOCATE 6,11:PRINT "TYPE THE CAPACITY ALONG THAT ARC AND
HIT RETURN"

500 LOCATE 8,11:PRINT "TO TERMINATE DATA ENTRY, TYPE A ZERO
FOR THE TWO NODE VALUES"

510 LOCATE 10,11:INPUT "PRESS RETURN TO CONTINUE",bANSS

520 CLS:NLINE=22:GOSUB 270:DISPLINE=6

530 LOCATE 2,32:PRINT "DATA INPUT"

540 LOCATE 4,26:PRINT "START END ARC" : LOCATE
5,26:PRINT "NODE NODE LENGTH"
550 LOCATE DISPLINE,27:PRINT " ":LOCATE DISPLINE,27:INPUT

"" ANSS:LOCATE 22,15:PRINT "
n

560 FOR I=1 TO LEN(ANSS$)

570 ANS=ASC(MIDS (ANSS,I,1))

580 IF (ANS<48 OR ANS>57) THEN LOCATE 22,15:PRINT
"CHARACTER IS NOT PERMITTED ~ PLEASE REENTER":GOTO 550

590 NEXT I

600 SNODE=VAL (ANS$)

610 IF (SNODE<C OR SNODE>NODES) THEN LOCATE 22,15:PRINT
"NODE VALUE MUST BE BETWEEN 0 AND ";NODES:" - PLEASE
REENTER" : GOTO 550

620 LOCATE DISPLINE,35:PRINT "  ":LOCATE DISPLINE,35:INPUT
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""", ANS$:LOCATE 22,15:PRINT "
"

630 FOR I=1 TO LEN(ANSS)
640 ANS=ASC(MIDS$ (ANSS,I,1))
650 IF (ANS<48 OR ANS>57) THEN LOCATE 22,15:PRINT
"CHARACTER IS NOT PERMITTED - PLEASE REENTER":GOTO 620
660 NEXT I
670 ENODE=VAL (ANSS)
680 IF (ENODE<O OR ENODE>NODES) THEN LOCATE 22,15:PRINT
"NODE VALUE MUST BE BETWEEN 0 AND ";NODES;" - PLEASE
REENTER" : GOTO 620
690 IF (SNODE=0 AND ENODE=0) THEN GOTO 810
700 IF SNODE=ENODE THEN LOCATE 22,15:PRINT "SELF LOOPS ARE
NOT ALLOWED - PLEASE REENTER END NODE":GOTO 620
710 LOCATE DISPLINE,45:PRINT "  ":LOCATE DISPLINE,45:INPUT
"n ANS$:LOCATE 22,15:PRINT "

”

720 FOR I=1 TO LEN(ANSS$)
730 ANS=ASC(MIDS (ANSS,I,1))
740 IF (ANS<48 OR ANS>57) THEN LOCATE 22,15:PRINT
“CHARACTER IS NOT PERMITTED - PLEASE REENTER":GOTO 710
750 NEXT I
760 ARCLEN=VAL(ANSS)
770 IF ARCLEN<O THEN LOCATE 22,15:PRINT "NEGATIVE VALUES
ARE NOT PERMITTED - PLEASE REENTER":GOTO 710
780 DIJ (SNODE, ENODE)=ARCLEN
790 IF DISPLINE<15 THEN DISPLINE=DISPLINE+1:GOTO 550
800 GOTO 520
810 FOR I=1 TO NODES
820 DIJ(I,0)=0
830 FOR J=1 TO NODES
840 IF DIJ(I,J)>=999 GOTO 860
850 DIJ(I,0)=DIJ(I,0)+DIJ(I,J)
860 NEXT J
870 NEXT I
880 LOCATE 22,11:INPUT "PRESS RETURN TO CONTINUE",ANSS
890 CLS:NLINE=22:GOSUB 270:DISPLINE=6
900 LOCATE 2,32:PRINT "DEMAND DATA"
910 LOCATE 4,26:PRINT "NODE DEMAND"
920 FOR I=1 TO NODES
930 LOCATE DISPLINE,27:PRINT I
940 LOCATE DISPLINE,36:PRINT "  ":LOCATE DISPLINE, 36:INPUT
"n ANSS$:LOCATE 22,15:PRINT "
"
950 ANS = VAL(ANSS$)
960 IF ANS<O THEN LOCATE 22,15:PRINT "NEGATIVE VALUES ARE
NOT PERMITTED - PLEASE REENTER":GOTO 930
970 DEM(I) = ANS
980 DISPLINE = DISPLINE+1




990 NEXT I
1000 RETURN

1010 REM

1020 REM **kkkkkkkkkkhkkkkk EDIT DATA %k dkdedkdkddkddkkkkkk

1030 REM

1040 CLS:NLINE=22:GOSUB 270

1050 LOCATE 3,11:INPUT "DO YOU WANT TO EDIT THE INPUT DATA
(Y/N)? ", ¥YN$

1060 YN=ASC(MIDS (YNS$,1,1))

1070 IF (YN=78 OR YN=110) THEN GOTO 1590

1080 IF (YN=89 OR YN=121) THEN GOTO 1100

1090 LOCATE 22,15:PRINT "INVALID RESPONSE - PLEASE
REENTER" : GOTO 1050

1100 ARCNUM=1

1110 FOR I=1 TO NODES

1120 FOR J=1 TO NODES

1130 IF DIJ(I,J)>=999 GOTO 1150

1140

DISP(ARCNUM, 1)=I:DISP(ARCNUM, 2)=J:DISP(ARCNUM, 3)=DIJ (I,J):A
RCNUM=ARCNUM+1

1150 NEXT J

1160 NEXT I

1170 ARCKOUNT=1

1180 CLS:NLINE=18:GOSUB 270

1190 LOCATE 2,32:PRINT "EDIT DATA"

1200 LOCATE 4,19:PRINT "ARC START END ARC" : LOCATE
5,19 :PRINT "NUMBER NODE NODE LENGTH"

1210 FOR DISPLINE=6 TO 15

1220 IF ARCKOUNT=>ARCNUM GOTO 1250

1230 LOCATE DISPLINE,20:PRINT ARCKOUNT:LOCATE
DISPLINE,27:PRINT DISP(ARCKOUNT, 1) :LOCATE DISPLINE,35:PRINT
DISP(ARCKOUNT, 2) : LOCATE DISPLINE,45:PRINT

DISP (ARCKOUNT, 3) : ARCKOUNT=ARCKOUNT+1

1240 NEXT DISPLINE

1250 LOCATE 21,15:INPUT "DO YOU WANT TO CHANGE ANY OF THE
ABOVE INFORMATION? ", YNS

1260 YN=ASC(MIDS$(YN$,1,1))

1270 IF (YN=78 OR YN=110) THEN GOTO 1580

1280 IF (YN=89 OR YN=121) THEN GOTO 1300

1290 LOCATE 22,15:PRINT "INVALID RESPONSE - PLEASE
REENTER" : GOTO 1250

1300 LOCATE 21,15:INPUT "DO YOU WANT TO ADD (A), DELETE (D)
OR CHANGE (C) AN ARC? ",6ANSS

1310 ANS=ASC(MIDS (ANSS$,1,1))

1320 IF (ANS=65 OR ANS=97) THEN GOTO 1440

1330 IF (ANS=68 OR ANS=100) THEN GOTO 1410

1340 IF (ANS<>67 AND ANS<>99) THEN LOCATE 22,15:PRINT
"INVALID RESPONSE - PLEASE REENTER":GOTO 1300

1350 LOCATE 21,15:PRINT "
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":LOCATE 21,15:INPUT "WHICH ARC TO
CHANGE? ", ANSS$S
1360 ANS=VAL(ANSS)

1370 LOCATE 21,15:PRINT "START NODE = ",DISP(ANS,1)," END
NODE = ",DISP(ANS,2)

1380 LOCATE 22,15:PRINT "CURRENT LENGTH = ", DISP(ANS,3)
1390 LOCATE 23,15:INPUT "WHAT IS THE NEW ARC LENGTH?

", ANS1S

1400 ANS1=VAL(ANS1$) :DIJ(DISP(ANS,1),DISP(ANS,2))=ANS1:GOTO
1480
1410 LOCATE 21,15:PRINT "
":LOCATE 21,15:INPUT "WHICH ARC TO
DELETE? ",ANS$
1420 ANS=VAL(ANSS)
1430 DIJ(DISP(ANS,1),DISP(ANS,2))=999:GOTO 1480
1440 LOCATE 21,15:PRINT "
":LOCATE 21,15:INPUT "START NODE =

" ,SNODE
1450 LOCATE 22,15:INPUT "END NODE = " ,ENODE
1460 LOCATE 23,15:INPUT "ARC LENGTH = ", ARCLEN

1470 DIJ (SNODE, ENODE)=ARCLEN

1480 ARCNUM=1

1490 FOR I=1 TO NODES

1500 DIJ(I,0)=0

1510 FOR J=1 TO NODES

1520 IF INIT(I,J)=999 GOTO 1550

1530 DIJ(I,0)=DIJ(I,0)+DIJ(I,J)

1540

DISP(ARCNUM, 1)=I:DISP(ARCNUM, 2)=J: DISP(ARCNUM, 3)=DIJ(I,J) :A
RCNUM=ARCNUM+1

1550 NEXT J

1560 NEXT I

1570 ARCKOUNT=ARCKOUNT-10:GOTO 1180

1580 IF ARCKOUNT<ARCNUM THEN GOTO 1180

1590 CLS:NLINE=22:GOSUB 270

1600 LOCATE 3,11:INPUT "DO YOU WANT TO EDIT THE DEMAND DATA
(Y/N)? ", YNS

1610 YN=ASC(MIDS$(YNS,1,1))

1620 IF (YN=78 OR YN=110) THEN RETURN

1630 IF (YN=89 OR YN=121) THEN GOTO 1650

1640 LOCATE 22,15:PRINT "INVALID RESPONSE - PLEASE
REENTER" : GOTO 1590

1650 CLS:NLINE=22:GOSUB 270

1660 LOCATE 4,19:PRINT "NODE DEMAND "
1670 FOR DISPLINE = 1 TO NODES

1680 LOCATE DISPLINE+4,20:PRINT DISPLINE:LOCATE
DISPLINE+4,32:PRINT DEM(DISPLINE)

1690 NEXT DISPLINE

1700 LOCATE 21,15:INPUT "DO YOU WANT TO CHANGE ANY OF THE
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ABOVE INFORMATION? ",YNS$
1710 YN=ASC(MIDS(YN$,1,1))
1720 IF (YN=78 OR YN=110) THEN GOTO 1820
1730 IF (YN=89 OR YN=121) THEN GOTO 1750
1740 LOCATE 22,15:PRINT "INVALID RESPONSE - PLEASE
REENTER:GOTO 1700
1750 LOCATE 21,15:PRINT "
":LOCATE 21,15:INPUT "WHICH NODE TO

CHANGE? ,ANS$
1760 ANS=VAL (ANSS$)
1770 LOCATE 21,15:PRINT "

":LOCATE 21,15:PRINT "NODE = ",ANS

1780 LOCATE 22,15:PRINT "CURRENT DEMAND = "DEM(ANS)

1790 LOCATE 23,15:INPUT "WHAT IS THE NEW DEMAND? "ANS1$
1800 ANS1=VAL (ANS1$) :DEM(ANS)=ANS1

1810 GOTO 1650

1820 RETURN

1830 REM
1840 REM ****%x%*xk**4** DIRECTORY OF EXISTING FILES
khkkhkhkhkhkhkhkkhhhk
1850 REM
1860 PGMNAME$="TSP FOR CDS"
1870 FLES$="*_ CDS"
1880 LOCATE 13,5:INPUT "ENTER COMPLETE PATH: ", PATHS$:CLS
1890 IF LEN(PATHS$)=2 AND MID$ (PATHS,2,1)=":" THEN 1920
1900 IF LEN(PATHS)>0 AND RIGHTS (PATHS$,1)<>"\" THEN
PATHS=PATHS$+"\"
1910 IF LEN(PATHS$)>0 AND MIDS$ (PATHS,2,1)<>":" THEN
PATHS="\"+PATHS
1920 LOCATE 19,11:PRINT PGMNAMES;" FILES ON PATH ";PATHS
1930 LOCATE 20,2:FILES PATHS$+FLES

1940 LOCATE 24,1:INPUT "PRESS ANY KEY TO CONTINUE",b ANSS
1950 CLS
1960 RETURN

1970 REM

1980 REM khkdkhkkhkhkkhir SAVE DATA I'YZ22X2X2 2 X222 XX22 KX

1990 REM
2000 CLS:NLINE=22:GOSUB 270
2010 LOCATE 3,11:INPUT "DO YOU WANT TO SAVE THE INPUT DATA
(Y/N)? ",YN$
2020 YN=ASC(MIDS$(YN$,1,1))
2030 IF (YN=78 OR YN=110) THEN RETURN
2040 IF (YN=89 OR YN=121) THEN GOTO 2060
2050 LOCATE 22,15:PRINT "INVALID RESPONSE - PLEASE
REENTER" : GOTO 2010
2060 IF NODES<=0 THEN LOCATE 22,15:INPUT "NO DATA AVAILABLE
- PRESS RETURN TO CONTINUE",ANSS$:RETURN
2070 CLS:NLINE=22:GOSUB 270
2080 FLES$=".CDS"




2090 LOCATE 13,5:INPUT "ENTER COMPLETE PATH: ",PATH$:CLS

2100 IF LEN(PATHS$)=2 AND MIDS$ (PATHS,2,1)=":" THEN 2130

2110 IF LEN(PATHS$)>0 AND RIGHTS (PATHS,1)<>"\" THEN

PATH$=PATHS+"\"

2120 IF LEN(PATHS$)>0 AND MIDS$ (PATHS,2,1)<>":" THEN

PATHS$="\"+PATHS

2130 LOCATE 14,5:INPUT "ENTER A FILE NAME (WITHOUT

EXTENSION) - ",FILES

2140 X=INSTR(FILES,".")

2150 LOCATE 22,15:IF LEN(FILES$)=0 OR X=1 THEN PRINT

"INVALID FILE NAME - PLEASE REENTER":GOTO 2130

2160 IF X>0 THEN FILES=LEFTS(FILES,X-1)

2170 FILENAMES=PATHS+FILES+FLES

2180 PRINT FILENAMES:INPUT "HIT RETURN",6 ANSS

2190 ON ERROR GOTO 2380:O0PEN "I", #1,FILENAMES

2200 CLOSE #1:LOCATE 16,15:INPUT "FILE ALREADY EXISTS -

OVERWRITE? (Y/N) ",6YNS

2210 YN=ASC(MIDS$(¥YNS$,1,1))

2220 IF (YN=78 OR YN=110) THEN LOCATE 16,15:PRINT "
":GOTO 2130

2230 IF (YN=89 OR YN=121) THEN GOTO 2250

2240 IF (YN<>89 OR YN<>121) THEN LOCATE 22,15:PRINT

"INVALID RESPONSE - PLEASE REENTER":GOTO 2200

2250 CLOSE #1:O0PEN "O", #1,FILENAMES

2260 WRITE#1,NODES

2270 FOR I=1 TO NODES

2280 WRITE#1,DEM(I)

2290 NEXT I

2300 FOR I=1 TO NODES

2310 FOR J=1 TO NODES

2320 IF DIJ(I,J)=999 GOTO 2340

2330 WRITE#1,I,J,DIJ(I,J)

2340 NEXT J

2350 NEXT I

2360 WRITE#l,"O","O","O"

2370 CLOSE #1

2380 REM *** ERROR TRAPPING ***

2390 IF ERR=53 AND ERL=2190 THEN RESUME 2250

2400 ON ERROR GOTO O

2410 RETURN

2420 REM

2430 REM dhkhhkdkdhkkkdkhkkikk RETRIEVE DATA khkhkkhkkhkhhkkhkhkkhikk

2440 CLS:NLINE=22:GOSUB 270

2450 FLES=".CDS"

2460 LOCATE 13,5:INPUT "ENTER COMPLETE PATH: " ,PATHS$:CLS

2470 IF LEN(PATHS$)=2 AND MIDS$ (PATHS$,2,1)=":" THEN 2500

2480 IF LEN(PATH$)>0 AND RIGHTS (PATHS,1)<>"\" THEN

PATHS=PATHS+"\"

2490 IF LEN(PATH$)>0 AND MIDS$ (PATHS,2,1)<>":" THEN
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PATHS="\"+PATHS

2500

LOCATE 14,5:INPUT “"ENTER A FILE NAME (WITHOUT

EXTENSION) - ",FILES

2510
2520

X=INSTR(FILES,".")
LOCATE 22,15:1IF LEN(FILE$)=0 OR X=1 THEN PRINT

"INVALID FILE NAME - PLEASE REENTER":GOTO 2500

2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770

IF X>0 THEN FILES=LEFTS(FILES,X-1)
FILENAMES=PATHS$S+FILES+FLE$

ON ERROR GOTO 2780:0PEN FILENAMES FOR INPUT AS #1
INPUT #1,NODES

FOR I=1 TO NODES

INPUT #1,DEM(I)

NEXT I

FOR I=1 TO NODES

FOR J=1 TO NODES

DIJ(I,J)=999
NEXT J

NEXT I

WHILE NOT EOF (1)

INPUT #1,SNODE, ENODE,ARCLEN
DIJ (SNODE, ENODE) =ARCLEN

WEND

FOR I=1 TO NODES

DIJ(I,0)=0

FOR J=1 TO NODES

IF DIJ(I,J)=999 GOTO 2740
DIJ(I,0)=DIJ(I,0)+DIJ(I,J)

NEXT J

NEXT I

CLOSE #1:GOTO 2810

CLOSE #1:LOCATE 16,15:PRINT "FILE DOES NOT EXIST -

PLEASE REENTER ":GOTO 2500

2780 REM *** ERROR TRAPPING *#%*
2790 IF ERR=53 AND ERL=2550 THEN RESUME 2770

2800 ON ERROR GOTO 0

2810 RETURN

2820 REM

2830 REM **%**%*%*%x* INITIALIZE CONDITIONS FOR ALGORITHM
khkhhkhkhkhhkhhhhi

2840 REM

2850 INIT(1,1)=9999999!

2860
2870
2880
2890
2900
2910
2920
2930

SLOPE(1,1)=0
FOR I=2 TO NODES
INIT(I,1)=0
SLOPE(I,1)=0

NEXT I

FOR I=1 TO NODES
FOR J=2 TO NODES
INIT(I,J)=DIJ(I,J)




2940 IF I=J THEN DIJ(I,J)=9999999!

2950 SLOPE(I,J)=DEM(J)/INIT(I,J)

2960 IF I=J THEN SLOPE(I,J)=0

2970 NEXT J

2980 NEXT I

2990 RETURN

3000 REM

3010 REM **%k*%k#*k***k** PERFORM THE TWO-STEP GREEDY
ALGORITHM **kkkkkkk

3020 REM **#%kk%kkk*xkkkr**x TO FIND THE INITIAL UPPER BOUND
J % de Kk de ok kkkkkk

3030 REM

3040 FOR I=1 TO NODES

3050 FOR J=1 TO NODES

3060 SLOPE1(I,J)=SLOPE(I,J)

3070 NEXT J

3080 NEXT I

3090 FOR I=1 TO NODES+1

3100 PATH(I)=0

3110 NEXT I

3120 PATH(1) = 1:PATH(NODES+1)=1

3130 GREED1=0

3140 GREED2=0

3150 COUNT=1

3160 I=1

3170 FOR J=2 TO NODES

3180 IF J=I THEN GOTO 3280

3190 FOR K=2 TO NODES

3200 IF K=J THEN GOTO 3230

3210 IF SLOPE1(J,K) >= GREED1 THEN GREED1 = SLOPE1(J,K)
ELSE GOTO 3230

3220 HOLD1 =K

3230 NEXT K

3240 IF SLOPE1l(I,J)+GREED1 >= GREED2 THEN
GREED2=SLOPE1 (I, J)+GREED1 ELSE GOTO 3280
3250 HOLD2=J

3260 HOLD3=HOLD1

3270 GREED1=0

3280 NEXT J

3290 PATH (COUNT+1)=HOLD2

3300 PATH (COUNT+2)=HOLD3

3310 COUNT=COUNT+2

3320 GREED2=0

3330 FOR I=1 TO NODES

3340 SLOPE1(1,I)=0

3350 SLOPE1(I,HOLD2)=0

3360 SLOPE1(HOLD2,I)=0

3370 SLOPE1(I,HOLD3)=0

3380 NEXT I
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3390 IF PATH(NODES-1)=0 THEN I=HOLD3:GOTO 3170 ELSE GOTO
3400

3400 FOR I=2 TO NODES

3410 FOR J=2 TO NODES

3420 IF I=PATH(J) GOTO 3450

3430 NEXT J

3440 PATH(NODES) = I

3450 NEXT I

3460 REM FOR I=1 TO NODES+1

3470 REM LOCATE I+3,11:PRINT PATH(I)

3480 REM NEXT I

3490 REM

3500 REM ****%***** CALCULATE INITIAL UPPER BOUND USING
khkhkkkhkkhkhkkkkk

3510 REM ***%%%***%* PATH GENERATED FROM TWO-STEP GREEDY
deddkdkdkdhkhkhik

3520 REM

3530 UB=0

3540 UNSAAT=0

3550 FOR I=1 TO NODES

3560 UNSAT = UNSAT + DEM(I)

3570 NEXT I

3580 FOR I=1 TO NODES

3590 UB= UB + INIT(PATH(I),PATH(I+1))*UNSAT

3600 UNSAT=UNSAT - DEM(PATH(I+1))

3610 NEXT I

3620 REM LOCATE 18,11:PRINT "UPPERBOUND = ",UB

3630 REM LOCATE 20,11:INPUT "PRESS RETURN TO CONTINUE",ANSS
3640 RETURN

3650 REM

3660 REM ***x*#x*x**x** TREE SEARCH SUBROUTINE
kkkhkhkkhkhkhkhdhkdkk

3670 REM

3680 REM

3690 LBOPT =UB

3700 FOR I=1 TO NODES+1
3710 PATHOPT (I)=PATH(I)
3720 NEXT I

3730 NEWNODE=1

3740 COUNT=1

3750 FOR I=1 TO NODES

3760 PATH1(I)=0

3770 NEXT I

3780 PATH1(1)=1:PATH1 (NODES+1)=1
3790 FOR I=1 TO NODES

3800 FOR J=1 TO NODES

3810 SLTEMP(I,J)=SLOPE(I,J)
3820 NEXT J

3830 NEXT I
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3840 MAXSLOPE =0
3850 UNSAT=0

3860 FOR I=1 TO NODES

3870 UNSAT=UNSAT+DEM(I)

3880 TEMPDEM(I) = DEM(I)

3890 FOR J=1 TO NODES

3900 TIME(I,J)=INIT(I,J)

3910 SLTEMP2(I,J)=SLOPE(I,J)

3920 NEXT J

3930 NEXT I

3940 FOR I=COUNT+1 TO NODES

3950 PATH1(I)=0

3960 NEXT I

3970 FOR I=2 TO NODES

3980 FOR J=2 TO NODES

3990 IF PATH1(J)=I GOTO 4040

4000 NEXT J

4010 IF SLTEMP (NEWNODE, I)>MAXSLOPE THEN

MAXSLOPE=SLTEMP (NEWNODE, I) ELSE GOTO 4040

4020 IF COUNT<NODES THEN PATH1 (COUNT+1)=I

4030 HOLDER=0

4040 NEXT I

4050 IF MAXSLOPE=0 AND COUNT=1 THEN RETURN

4060 IF MAXSLOPE=0 AND HOLDER>0 THEN
COUNT=COUNT-HOLDER : NEWNODE=PATH1 (COUNT) : GOSUB

4630: SLTEMP (NEWNODE , PATH1 (COUNT+1) ) =0 : PATH1 (COUNT+1) =0: GOTO
3840

4070 IF MAXSLOPE=0 THEN

COUNT=COUNT-1: NEWNODE=PATH1 (COUNT) : IF COUNT=1 THEN GOSUB
4610 : SLTEMP (NEWNODE , PATH1 (COUNT+1) ) =0: PATH1 (COUNT+1) =0:HOLD
ER=HOLDER+1:GOTO 3840 ELSE

SLTEMP (NEWNODE , PATH1 (COUNT+1) ) =0 : PATH1 (COUNT+1) =0 : HOLDER=HO
LDER+1:GOTO 3840

4080 LB=0

4090 FOR J=1 TO COUNT

4100 IF PATH1(J+1)=0 THEN GOTO 420

4110 TEMPDEM(PATH1(J))=0

4120 LB = LB +TIME(PATH1(J),PATH1(J+1)) *UNSAT

4130 UNSAT=UNSAT-T)IMPDEM (PATH1 (J+1))

4140 FOR K=1 TO NODES

4150 SLTEMP2 (PATH1(J),K)=0

4160 SLTEMP2 (K, PATH1 (J+1))=0

4170 NEXT K

4180 TEMPDEM (PATH1 (J+1))=0

4190 NEXT J

4200 FOR L=1 TO NODES

4210 IF PATH1(L) > O THEN TIME(PATH1(COUNT+1),PATH1(L)) =
9999999

4220 NEXT L
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4230 MINTIME = 9999999!

4240 FOR M=1 TO NODES

4250 IF TIME (PATH1(COUNT+1),M)<MINTIME THEN
MINTIME=TIME (PATH1 (COUNT+1) ,M)

4260 NEXT M

4270 LB=LB+MINTIME*UNSAT

4280 FOR K=COUNT+2 TO NODES-1

4290 GOSUB 4730:GOSUB 4840

4300 REM LOCATE 10,20:PRINT UNSAT-MAXDEM1

4310 REM LOCATE LOCATE 11,20:PRINT MAXSLOPE2

4320 IF MAXDEM2>0 THEN

LB=LB+ (UNSAT-MAXDEM1) *MAXDEM2 /MAXSLOPE2 ELSE LB =
LB+MAXDEM1 *MAXDEM1/MAXSLOPE2

4330 UNSAT =UNSAT-MAXDEM1

4340 NEXT K

4350 REM LOCATE 9,13:PRINT LB

4360 REM LOCATE 10,13:PRINT NEWNODE

4370 REM LOCATE 11,13:PRINT PATH1 (COUNT+1)

4380 REM LOCATE 20,11:PRINT "PRESS RETURN TO CONTINUE",ANS$
4390 IF LB>= LBOPT THEN

SLTEMP (NEWNODE, PATH1 (COUNT+1) ) =0: PATH1 (COUNT+1) =0 ELSE GOTO
4410

4400 GOTO 3840

4410 NEWNODE=PATH1 (COUNT+1)

4420 COUNT=COUNT+1

4430 IF PATH1(NODES)>0 THEN LBOPT=LB ELSE GOTO 3840
4440 FOR I=1 TO NODES

4450 PATHOPT(I) =PATH1(I)

4460 NEXT I

4470 GOTO 3840

4480 REM khkhkdkkik END SUBROUTINE kkhkkRhkkkhkkhkkhkkhhkhkk*k
4490 REM

4500 REM¥* % % % % % % % OUTPUT SUBRQUTINE J¢ d¢ d Kk K K % Kk kK Kk %k d ok Kk Kk kk
4510 REM

4520 SHOW=7

4530 CLS:GOSUB 270

4540 LOCATE SHOW,11:PRINT "OPTIMAL AREA = ",LBOPT
4550 FOR I=1 TO NODES+1

4560 LOCATE SHOW+I,11:PRINT PATHOPT(I)

4570 NEXT I

4580 LOCATE 20,11:INPUT "PRESS RETURN TO CONTINUE",KANS$
4590 RETURN

4600 REM
4610 REM **x%kkk*xk* SUBROUTINE TO REINITIALIZE SLOPE VALUES
Kk k kK

4620 REM

4630 FOR I=1 TO NODES

4640 FOR J=1 TO NODES

4650 SLTEMP(I,J)=SLOPE(I,J)
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4660 NEXT J
4670 NEXT I

4680 FOR I=1 TO NODES

4690 IF SLTEMP(NEWNODE,I) > SLTEMP(NEWNODE, PATH1 (COUNT+1))
THEN SLTEMP (NEWNODE, I)=0

4700 NEXT I

4710 RETURN

4720 REM

4730 REM ***%***** SUBROUTINE TO FIND THE MAX SLOPE
d gk dkkkhkk

4740 REM

4750 MAXSLOPE2=0:HOLD3=0:HOLD4=0

4760 FOR I=1 TO NODES

4770 FOR J=1 TO NODES

4780 IF SLTEMP2(I,J)>MAXSLOPE2 THEN
MAXSLOPE2=SLTEMP(I,J) :HOLD3=I:HOLD4 = J

4790 NEXT J

4800 NEXT I

4810 SLTEMP2 (HOLD3,HOLD4) =0

4820 RETURN

4830 REM

4840 REM #*k%k**x**x* SUBROUTINE TO FIND THE MAXIMUM
s % % de e %k ek Kk

4850 REM ***#kax*kk***%* UNSATISFIED DEMANDS
(222222 X2 22282 2]

4860 REM

4870 MAXDEM1=0:MAXDEM2=0

4880 FOR I=1 TO NODES

4890 IF TEMPDEM(I)>=MAXDEM1 THEN
MAXDEM2=MAXDEM1 : MAXDEM1=TEMPDEM (I) : HOLD2=I ELSE IF
TEMPDEM (I)>MAXDEM2 THEN MAXDEM2=TEMPDEM(I)

4900 NEXT I

4910 TEMPDEM (HOLD2)=0

4920 REM LOCATE 10,17:PRINT MAXDEM1

4930 REM LOCATE 11,17:PRINT MAXDEM2

4940 REM LOCATE 20,11:INPUT "PRESS RETURN TO CONTINUE",ANSS$
4950 RETURN
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APPENDIX B

LIST OF USER INSTRUCTIONS

S8tarting Up the Program

To start up the computer program place the disk
containing the program into Drive A and at the DOS prompt
type "A:DEMSAT" and press RETURN. The main menu will appear
which allows you to choose between creating a new set of
data, loading an existing set of data, and getting a

directory of existing data files.

Creating a New Set of Data

If you choose to create a new set of data the screen
will show three column headings: Source Node, End Node, and
Arc Length. To enter the data, type the source node of an
arc and press RETURN, then type the terminal node and press
RETURN, next type the distance between the nodes (cities) and
press RETURN. The program will automatically move the cursor
to the required position after each time RETURN is pressed.
Continue to insert all your data in the following manner.
When you have entered all your data, type "0O" and press
RETURN for the first two columns and the next menu will

appear.
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The next menu asks you to input the demand data, the
menu lists each node number consecutively, and you are
required to type the demand for that node and press RETURN.
Following the demand data screen is the service rate data
screen. Service rates are entered in the same manner as
demand data. Remember that the demand and service rate at
city 1 is assumed to be 0, therefore you should enter it as
such.

After you have entered all the data, the program will
ask if you would like to edit ant of the data. If you choose
to do so the program will guide you through the editing by
asking appropriate questions and prompting you for answers.

The program will next ask if you would like to save the
data set. If you choose to do so, The program will prompt you
for a path to save the data to (i.e. "A:%") and then ask for
the filenare (i.e. "DATA1"). All files will be saved with
".CDS" attached to the filename (i.e. "DATA1l.CDS").

The program will then run the data a present the
solution on the screen. When you are done viewing the
solution, press RETURN and the program will return you to the

DOS prompt.

Loading Existing Data

If at the main menu you choose to run the program with
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existing data, the program will first prompt you for the path
of the data (i.e. "A:") and then prompt you for the filename.
The program will load the data from the file specified and
then ask you if you wish to edit the data. From this point,
the program runs as if you have just created the data, so the

procedures are the same as above.

Directory of Existing Files

If you choose to view a directory of existing data files
from the main menu, the program will prompt you for the path
for the data files (i.e. "A:"). At this point, the program
will search that path and list all files which end with
".CDS". After viewing the list press RETURN and the program

will return you to the main menu.
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